Abstract. Fasciolosis caused by Fasciola hepatica is a widespread parasitic disease in cattle farms. The aim of this study was to detect clusters of fasciolosis in dairy cow herds in Munster Province, Ireland and to identify significant climatic and environmental predictors of the exposure risk. In total, 1,292 dairy herds across Munster was sampled in September 2012 providing a single bulk tank milk (BTM) sample. The analysis of samples by an in-house antibody-detection enzyme-linked immunosorbent assay (ELISA), showed that 65% of the dairy herds (n = 842) had been exposed to F. hepatica. Using the Getis-Ord Gi* statistic, 16 high-risk and 24 low-risk (P <0.01) clusters of fasciolosis were identified. The spatial distribution of high-risk clusters was more dispersed and mainly located in the northern and western regions of Munster compared to the low-risk clusters that were mostly concentrated in the southern and eastern regions. The most significant classes of variables that could reflect the difference between high-risk and low-risk clusters were the total number of wet-days and rain-days, rainfall, the normalized difference vegetation index (NDVI), temperature and soil type. There was a bigger proportion of well-drained soils among the low-risk clusters, whereas poorly drained soils were more common among the high-risk clusters. These results stress the role of precipitation, grazing, temperature and drainage on the life cycle of F. hepatica in the temperate Irish climate. The findings of this study highlight the importance of cluster analysis for identifying significant differences in climatic and environmental variables between high-risk and low-risk clusters of fasciolosis in Irish dairy herds.
Introduction
Fasciolosis caused by Fasciola hepatica is strongly influenced by weather conditions (Mas-Coma et al., 2009) , and can account for major economic losses in cattle farms worldwide (Kaplan, 2001) . The association of the free-living stages of F. hepatica, as well as the intermediate snail-host Galba truncatula, with climatic and environmental conditions indicates an important spatial element in the epidemiology of fasciolosis . Therefore, the use of climatic and environmental variables can help explain the observed temporal pattern of the disease and assist the development of predictive risk models of fasciolosis (McCann et al., 2010a) .
Studies, analysing the spatial distribution of fasciolosis in Europe, have been performed in Belgium , England and Wales (McCann et al., 2010a,b) , and Germany (Kuerpick et al., 2013) . The use of spatial statistics with geographical information systems (GIS) and other geospatial tools in order to detect high-risk regions can expand the current knowledge on the transmission, geographical pattern and potential risk factors of fasciolosis (Weisent et al., 2011) . Spatial cluster analysis is based on such tools to identify hotspots or areas with an unusual increase in disease events grouped together in space and time (Fritz et al., 2013) . There are only two studies that have used cluster detection techniques to identify highrisk regions for fasciolosis, i.e. the study by Rinaldi et al. (2009) that detected spatial clusters of fasciolosis in water buffaloes in central Italy; and the study by Bennema et al. (2011) that identified spatial clusters of fasciolosis in dairy herds in Flanders, Belgium. Cluster analysis of fasciolosis in Ireland has not yet been used to explore patterns of distribution of the disease in dairy herds and to evaluate the spatial autocorrelation of the clusters with predictor variables. The objectives of this study were: (i) to identify local clusters of exposure to F. hepatica in selected dairy cow herds in Munster Province, Ireland; and (ii) to detect differences in climatic and environmental variables between the high-risk and low-risk clusters of exposure to F. hepatica.
Materials and methods

Study area
Munster is the largest province of Ireland in the South-west of the country and covers a total area of 24,675 km 2 (Fig. 1) . It consists of six counties (Cork, Clare, Kerry, Limerick, Tipperary and Waterford). The climate is mild and moist with higher temperatures in the coastal regions and the highest precipitation in the West. More than 60% of Irish dairy herds are located in Munster that therefore represents the main dairy farming area in Ireland (CSO, 2012) .
Samples
A total of 1,292 dairy cow herds from the six counties of Munster were sampled in September 2012, each providing a single bulk tank milk (BTM) sample. They were collected from dairy farms throughout Munster in September 2012. The majority of these samples (92%) were provided by an Irish cattle-breeding services provider that non-randomly selected all its dairy farmer customers in Munster. The remaining samples (8%) were taken following discussion group meetings between advisors representing the Irish Agriculture and Food Development Authority (Teagasc) and dairy farmers in the county of Cork. All dairy farm addresses were based on their townland location. Each BTM sample was treated for preservation with a single tablet of "Broad Spectrum Microtabs II", a compound containing 0.3 mg Natamycin and 8 mg Bronopol (Advanced Instruments, Inc., MA, USA) and all samples were sent to the Veterinary Parasitology Laboratory of University College Dublin. After reception at the laboratory, the BTM samples were allowed to stand for a minimum 4 days at +4°C to allow the lipid layer to separate and be removed. The samples were then stored at +4°C for 8 hours prior to centrifuging for 10 minutes at 850 g. After the removal of their lipid layer, the remaining fluid was stored in 2 ml aliquots at -20°C until tested.
Antibody testing
Using an in-house antibody-detection enzyme-linked immunosorbent assay (ELISA), the levels of F. hepatica antibodies were determined for each BTM sample (Selemetas et al., 2014) . One negative and two positive controls were used as reference standards for determining the F. hepatica antibody levels based on the optical density (OD) that was measured by an ELISA plate reader (Expert 96, Asys Hitech, Eugendorf, Austria) at the 450 nm wavelength. The antibody levels of each sample were expressed as per cent positivity (PP), according to the following equation:
In order to define the optimal cut-off value of the ELISA test, a combination of two normal distributions for the two components (positive and negative herds) was fitted to the histogram of the PP values of the samples (Fig. 2) , using the algorithm of expectation-maximization (EM) of the normal mixEM function of the Mixtools package (Benaglia et al., 2009) in the R 3.0.3 statistical language environment (R Development Core Team, 2013) . The value of ≥15 PP was used as cut-off, i.e. herds with a PP equal or higher than that were deemed positive, while those with PPs less than 15 were regarded as negative. Based on the mixture bimodal model, the status of the dairy herds regarding their exposure to F. hepatica was classified into positive and negative classes.
PP value =
x 100 OD of test sample Mean OD of positive controls 
GIS mapping, georeferencing and variables
In the present study, the GIS software that was used for the management of spatial data and the construction of spatial maps was ArcGIS version 10.1 (ESRI, Redlands, CA, USA). The dairy herds were georeferenced by using their townland location as described previously (Selemetas et al., 2015) .
Several climatic and environmental variables (Table  1) were used to explain possible differences in the exposure to F. hepatica between dairy cow herds in high-risk and low-risk areas. Gridded weather data at the 1-km resolution on the Irish Grid Reference System (TM75/Irish Grid) were obtained from the Met Éireann (the Irish National Meteorological Service) archive of observations for Ireland. The averages of monthly and seasonal mean temperatures, total rainfall (mm) and total number of wet-days (daily rainfall ≥1 mm) and total number of "rain-days" (daily rainfall ≥0.2 mm) were collected and used as the climatic variables for the year 2012. We also collected the total wet-days and total rain-days, long-term averages of monthly, seasonal and annual total rainfall (mm) and long-term averages of monthly, seasonal and annual minimum, maximum and mean temperatures for the period 1981-2010. The seasonal datasets represented the following 3-month periods: spring (March to May), summer (June to August), autumn (September to November) and winter (December to February). All climatic data sets were converted to raster files using R 3.0.3.
For the environmental variables, satellite values for the Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) at the spatial resolution of 250 x 250 m from January to September 2012 were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra satellite (http://modis.gsfc.nasa.gov/). These images were post-processed according to Scharlemann et al. (2008) by Avia-GIS (Zoersel, Belgium). Data describing various soil types (shallow and deep, welldrained, shallow and deep, poorly drained, peaty and alluvial) from the Teagasc Indicative Soils Maps for Ireland were provided by the Environmental Protection Agency (EPA) in Ireland at the 10 x 10 km resolution (Daly and Fealy, 2007) . Using the Zonal Statistics tool in ArcGIS, version 10.1, the values of every raster in each electoral division (the smallest legally defined administrative area in Ireland) were measured and summarised using Excel, either as the majority value for the categorical variable of soil or the mean value for the all numerical variables (climatic, NDVI, EVI).
Statistical analysis
The Getis-Ord Gi* statistic (Getis and Ord, 1992; Ord and Getis, 1995) was used to detect possible regional clusters of fasciolosis (hotspots or areas with unusually high occurrences of dairy cow herds exposed to F. hepatica) in Munster. This statistical tool is suitable for identifying the spatial reliance between an observation and adjacent observations within a defined distance threshold (Getis et al., 2003) . The cluster analysis was performed using the Getis-Ord Gi* Hot Spot Analysis tool in ArcGIS, using the sampled electoral divisions as spatial map units. A sampled electoral division was defined as exposed to F. hepatica if the majority of sampled herds in the area of the electoral division had been exposed to the parasite, otherwise it was defined as non-exposed.
The statistical tool used is distance-based and the fixed distance method was utilized for the conceptualization of spatial relationships, as there was a large variation in electoral division sizes. According to this method adjacent features within a specified distance get a weight of 1 on their impact when calculating the target feature; adjacent features outside the specified distance have zero weight in this repect. The critical distance was set to 23 km based on the size of electoral divisions and the peak value of the Moran's I Z Score (Anselin, 1995) , which reflects maximum spatial autocorrelation calculated for multiple distances using the Spatial Autocorrelation Tool. The Gi* values of the test represent a standard normal variant with its associated probability derived from the z-score distribution (Getis et al., 2003) . Only Gi* values greater than 2.58 and less than -2.58 (representing P ≤0.01) were used to indicate high-risk clusters (areas with unusually high occurrences of dairy herds exposed to F. hepatica) and low-risk clusters (areas with unusually high occurrences of dairy cow herds notexposed to F. hepatica), respectively.
Descriptive statistics, 95% confidence intervals (CI) and all statistical tests were performed using SPSS Statistics, version 20.0 (IBM Corp, NY, USA). The relationships between climatic and environmental variables with statistically significant high-risk and low-risk clusters of exposure to F. hepatica were determined at the electoral division level. These significant differences in climatic and environmental variables between high-and low-risk spatial clusters of F. hepatica exposure were identified using a pair-wise MannWhitney U test for numerical variables (Sokal and Rohlf, 1995) and the Pearson's chi-square test (Rao and Scott, 1987) for the categorical soil variable. The significance was set at P <0.05. 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 1 x 1 km 250 x 250 m 250 x 250 m 10 x 10 km Table 1 . Properties, data sources and resolution of the climatic and environmental variables used in the current study.
1 Temperatures in °C, rainfall in mm; 2 Agriculture and veterinary information and analysis, a Belgian small/medium enterprise (SME); 3 Moderate resolution imaging spectroradiometer; 4 Irish agriculture and food development authority; 5 Forest service; 6 Environmental protection agency, Ireland; 7 Geological survey, Ireland.
Results
The normal distributions of the two-component model (positive and negative herds) and the histogram of the frequency distribution of PP values of BTM samples produced with R 3.0.3 are shown in Fig. 2 . The distribution of herds for which BTM samples were submitted is illustrated in Fig. 3 . The analysis of the 1,292 BTM samples showed that 65% (n = 842) of the dairy herds had been exposed to F. hepatica. The distribution of BTM samples per county and the prevalence of fasciolosis for each county is shown in Table 2 . The distribution of sampled electoral divisions that were subsequently classified as exposed or non-exposed is shown in Fig. 4 .
Cluster analysis
A total number of 16 statistically significant highrisk clusters of fasciolosis were found across Munster (Fig. 5) . These clusters were located in western Kerry (n = 4), central Clare (n = 2), western and eastern Limerick (n = 4) and north-western Cork (n = 6). In addition, 24 statistically significant low-risk clusters were found in south Tipperary (n = 11), eastern Waterford (n = 1) and south-eastern Cork (n = 12). The spatial distribution of high-risk clusters appeared more dispersed and mainly located in the northern and western regions of Munster compared to the low-risk clusters that were mostly concentrated in the southern and eastern regions (Fig. 5) . Fig. 3 . Location of the sampled dairy herds (n = 1,292) and the distribution of negative and positive herds for fasciolosis in Munster Province, Ireland. Fig. 4 . Distribution of sampled electoral divisions found to be exposed and non-exposed to F. hepatica in Munster Province. A sampled electoral division was defined as exposed if the majority of sampled herds within the electoral division had been exposed to F. hepatica, otherwise it was defined as non-exposed. 
Climatic and environmental variables
Thirteen high-risk clusters were exposed to F. hepatica, while 22 low-risk clusters were not. Table 3 shows the Mann-Whitney U test results of pair-wise comparison between the 20 most statistically significant climatic and environmental variables vis-à-vis the lowrisk and high-risk clusters. There was a significant difference (P <0.001) between the rank sums of the clusters with the long-term averaged total number of wetdays and rain-days and the contemporary values of these variables. Indeed, these were regarded the most significant variables of the test. The differences related to rainfall constituted the second most significant category (P <0.001). Regarding the NDVI variables only the monthly values in September and August were significant at the level of P <0.001 with the former being the more significant, whereas all the other NDVI variables were not significant (P >0.05). Finally, there was no significant difference (P >0.05) between the rank sums of the clusters with the EVI variables.
The differences in exposure to F. hepatica of the two classes of clusters were shown to be strongly dependent on the types of soil (χ 2 = 8.87, df = 2, P <0.01) based on the Pearson's chi-square test. Well drained soils had a bigger proportion among the low-risk clusters, whereas poorly drained soils presented a higher proportion among the high-risk clusters.
Discussion
The rationale of this study was to detect differences in climatic and environmental variables between the hotspots and coldspots of exposure to F. hepatica identified by cluster analysis. The aim was to investigate the heterogeneous spatial distribution patterns of fasciolosis to find underlying reasons that could suggest environmental threats and potential risk factors explaining the observed regional differences (Ramis et al., 2014) . The selection of Munster as study area was ideal, because it is the most important dairy farming area in Ireland and is characterised by considerable regional differences in weather conditions in its territory.
The present study determined the exposure to F. hepatica of 1,292 dairy cow herds in six Munster counties in September 2012 and constitutes the first attempt to identify clusters of fasciolosis in this area and link them to significant climatic and environmental predictors for F. hepatica exposure risk. The preva- Waal et al., 2007) . However, the current study identified a model with the ability to forecast these outbreaks on a much smaller regional scale and with greater precision. The results highlight the importance of cluster analysis for identifying regional hotspots of fasciolosis and significant climatic and environmental risk factors, which can improve the knowledge on the epidemiology of the disease and the accuracy of a predictive model for fasciolosis in Ireland.
The results of the current study are similar to the F. hepatica prevalence (65%) in culled cows during autumn and summer in Ireland (Murphy et al., 2006) and the prevalence (75%) among Irish dairy herds in November (Bloemhoff et al., 2012) . The high prevalence observed in Irish dairy herds can be attributed to the combination of high level of grass-based diet and temperate climate during grazing period that can increase the exposure to parasites (O'Farrell et al., 1986) . Indeed, the main features of Irish dairy farming are the temperate climate supporting a low-input, pasture-based production system, a high proportion of spring-calving cows and a long grazing season that allows dairy cattle to graze outdoors from early spring to late autumn (Creighton et al., 2011; Läpple et al., 2012) . The cluster analysis identified 16 statistically significant high-risk clusters mostly located in northern and western regions of Munster and 24 statistically significant low-risk clusters, mainly in the southern and eastern regions (Fig. 5) . These findings are in accordance with the study by Selemetas et al. (2015) who found, using a Random Forest regression model, a higher proportion of areas where dairy herds had been exposed to F. hepatica in the western part of Ireland.
The most significant classes of variables that could reflect the difference between the two different categories of clusters were the total number of wet-days and rain-days, rainfall, NDVI, temperature and soil types. These findings highlight the role of precipitation, grazing and drainage on the survival and development of parasitic stages of F. hepatica and the intermediate snail hosts. Differences in the climatic and environmental variables for high-risk and low-risk clusters were consistent with the findings of research studies, which suggested (using different approaches) that the total number of wet days (McCann et al., 2010a; Selemetas et al., 2015) , rain-days (Selemetas et al., 2015) , amount of rainfall Yilma and Malone, 1998; McCann et al., 2010a,b; Bennema et al., 2011; Martins et al., 2012) , NDVI (Fuentes, 2004 (Fuentes, , 2006 Durr et al., 2005; Fuentes et al., 2005) , temperature Yilma and Malone, 1998; Bossaert et al., 1999; McCann et al., 2010a,b; Martins et al., 2012) and soil type (McCann et al., 2010a) may play a role in the exposure to F. hepatica. In addition, the association of well drained soils with low-risk clusters with poorly drained soils with high-risk clusters reflects the importance of impeded drainage for the transmission of fasciolosis, which is in agreement with the findings reported by Charlier et al. (2011) . Finally, the results in this study are in contrast to the weak correlation of rainfall and temperature with the seroprevalence of fasciolosis in Germany (Kuerpick et al., 2013 ), possibly due to low level of spatial variation of these variables in the country.
Although the BTM samples were not randomly collected and the sampling did not cover the whole area of Munster, the number of submitted BTM samples (n = 1,292) was sufficient to provide a satisfactory coverage of Munster as well as power for the cluster analysis. Additionally, it is likely that the present study did not examine all the potential risk factors of the exposure to fasciolosis, since positive and negative herds may co-exist close to each other within low or high-risk areas depending on specific farm management practices and availability of suitable habitats for the snail-host (Bennema et al., 2009 ). For these reasons, the logistic regression model proposed by Bennema et al. (2011) for Flanders in Belgium, which included management, environmental and climatic factors, outperformed in accuracy their second regression model that was based only on environmental and climatic factors.
The use of BTM samples for detecting exposure to F. hepatica is a popular, quick and easy diagnostic method, but it must be remembered that ELISA results based on a single BTM sample depend on the in-herd prevalence and seropositivity of the lactating cows contributing to the BTM sample (Duscher et al., 2011) . An additional limitation is that the positive result of an antibody-detection test rather reveals the history of exposure than an existing infection (SalimiBejestani et al., 2005) . Finally, the collection of BTM samples for this study in September may not fully esti-mate the exposure to F. hepatica, as the expected peak of annual exposure to the disease usually occurs in late autumn (Salimi-Bejestani et al., 2005) .
